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The biotransformation of tetrabromobisphenol A (TBBPA) was evaluated in anaerobic digester sludge,
soils, and freshwater sediments. In anaerobic digester sludge, TBBPA biotransformed rapidly with a 50%
disappearance time (DT50) of 19 days, though little mineralization (1.1%) was observed. In aerobic soils,
mineralization of TBBPA ranged from 17.5% to 21.6% with 55.3–83.6% of the TBBPA incorporated into the
soils as a non-extractable bound residue. The DT50 for TBBPA in aerobic soils ranged from 5.3 to 7.7 days.
In anaerobic soils, 48.3–100% of the TBBPA was incorporated into the soils as non-extractable bound
residue with o4% mineralized. The soil fate studies demonstrated extensive incorporation of TBBPA into
the solid matrix and this association was related to the amount of organic carbon in the soils (i.e., greater
association of TBBPA with soil at higher organic carbon content). In anaerobic sediments the DT50 for
TBBPA ranged from 28 to 42 days, whereas in aerobic sediments the DT50 for TBBPA ranged from 48 to 84
days and depended on the initial dose concentration. Most of the TBBPA in the sediment studies was
incorporated as a non-extractable bound residue with little mineralization observed. Sediment extracts
revealed three unknown biotransformation products and bisphenol A (BPA). These results were con-
sistent with previously published studies where TBBPA biotransformed in anaerobic environments (di-
gester sludge and sediments) by debromination and slowly mineralized in the test environments
(anaerobic digester sludge, soils, and freshwater sediments).
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Tetrabromobisphenol A (TBBPA) is a widely used brominated
ﬂame retardant that has been shown to undergo debromination in
the environment by bacterial and photolytic pathways (Arbeli and
Ronen, 2003; Eriksson et al., 2004). TBBPA is used during the
production of plastic polymers and electronic circuit boards, as
well as being incorporated into consumer electronics, ofﬁce and
communication equipment, automotive, aviation, and entertain-
ment equipment (BSEF, 2012). TBBPA is a solid at room tempera-
ture with the following properties: low vapor pressure
o1.19105 Pa at 20 °C (ACCBFRIP, 2001 as cited in Environment
Canada, 2013); moderately high octanol/water partitioning
(log Kow¼4.5–6.5) that is dependent on the ionization state and
matrix pH (Kuramochi et al., 2008); and low to moderate solubility
that increases with pH, e.g., 0.17-4.16 mg L1 at neutral pH andInc. This is an open access article u
inger),27.9 mg L1 at pH 9.5 (Kuramochi et al., 2008).
TBBPA can enter the environment from municipal wastewater
treatment plants via biosolids amendment to soil and efﬂuent
discharge to receiving waters. The fate and exposure of TBBPA
when introduced into these environments will depend on its
physicochemical properties and composition of the solids it en-
counters. In particular, the formation of bound residues in a soil or
sediment environment can signiﬁcantly affect the bioavailability
and biodegradation of an organic compound (Hatzinger and
Alexander, 1995). The process of forming bound residues is
thought to involve either physical entrapment of an organic
compound into small pores within the solid matrix (referred to as
sequestration) thus inhibiting free movement of the compound, or
the incorporation of the organic compound within the solid matrix
organic matter (referred to as aging).
Most deﬁnitions of bound residues depend on the extraction
procedure being used. For example, labile or bioavailable fractions
have been deﬁned as those extractable by aqueous or weak or-
ganic solvent extraction methods, whereas non-extractable re-
sidues (NER) have been deﬁned as those extractable under harshernder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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increased temperature, e.g., using reﬂux, microwave, or ac-
celerated solvent extraction (ECCTOC, 2010). The NER fraction is
considered to be strongly associated with the solid matrix and
thus unlikely to be available. ECETOC (2010) also deﬁned bound
residues as those tightly associated with the solid matrix, often
forming covalent bonds. Such residues are indistinguishable from
natural organic matter and not available to organisms. The ECETOC
terminology for extractable, non-extractable, and bound residues
will be use to describe the results of this study.
The fate of TBBPA in soil and sediment environments is also
controlled by the ability of microbial populations to degrade and
utilize it as a carbon and energy source. Several studies have
shown that TBBPA can microbially degrade and mineralize in se-
quential anaerobic and aerobic environments (Ronen and Abelio-
vich, 2000; Voordeckers et al., 2002; Arbeli and Ronen, 2003; Ravit
et al., 2005). These researchers have demonstrated that TBBPA is
reductively debromonated to bisphenol A (BPA) during the anae-
robic phase and then BPA is mineralized during the aerobic phase.
Arbeli and Ronen (2003) also identiﬁed monobromobisphenol A,
dibromobisphenol A, and tribromobisphenol A as biotransforma-
tion products in their anaerobic laboratory experiments. These
studies illustrate that understanding the ability of microbial po-
pulations to metabolize TBBPA is an important aspect in evaluating
its fate and exposure.
The purpose of this paper is to summarize results from six la-
boratory studies conducted by three TBBPA producers (Albemarle,
Chemtura, and ICL) over a period from 1989 to 2006. The protocols
used in the 1980s were state-of-the-art at that time, while the
studies conducted in the 2000s were based on OECD guidelines
(OECD, 2002a, 2002b). Included are biotransformation and mi-
neralization results of TBBPA in anaerobic digester sludge, soils,
and freshwater sediments. The original study reports can be ob-
tained from the lead author by request.2. Materials and methods
The studies described within were either conducted by Wildlife
International or Springborn Life Sciences using Good Laboratory
Practice (GLP) procedures.
2.1. Mineralization and transformation in anaerobic digester sludge
(Wildlife International, 2006a)
A 120 day study was conducted to assess the rate and extent of
primary biotransformation and mineralization of uniform ring-
labeled 14C-TBBPA in anaerobic digester sludge (Wildlife Interna-
tional, 2006a). The protocol was based on the OECD 308 Guideline:
Aerobic and Anaerobic Transformation in Aquatic Sediment Sys-
tems. Anaerobic digester sludge was collected from a local was-
tewater treatment plant (Federalsburg, Maryland) and sieved
through a 6.3 mm sieve prior to use. The test chambers consisted
of 500 mL glass media bottles with rubber stoppers. Each test
chamber contained 100 mL of either live or sterile digester sludge
plus 100 mL of a mineral salt solution. The live inoculum contained
23,353 mg total-solids L1 (2.3% TS) and the sterile inoculum
contained 24,660 mg total-solids L1 (2.5% TS). The pH of the
anaerobic digester sludge was adjusted to 7.1 prior to use and all
test systems were incubated under anaerobic conditions in the
dark at approximately 35 °C.
A parallel set of dose systems was established to evaluate mi-
neralization and biotransformation of TBBPA. The test chambers
were dosed at a concentration of 50 mg 14C-TBBPA (kg dry-
sludge)1 with ethanol as the carrier solvent. The radiolabeled
TBBPA had a speciﬁc activity of 56 mCi mmol1, radiochemicalpurity of 99.6%, and formula weight of 545.7 mg mmol1. The
radiolabeled test substance was obtained from Amersham Bios-
ciences, UK. The concentration of the 14C-TBBPA dosing solution
(0.445 mg mL1) was veriﬁed by liquid scintillation counting (LSC).
In the mineralization experiment, both live (biotic) and sterile
(abiotic) anaerobic sludge test chambers were continuously
purged with nitrogen gas to maintain anaerobic conditions. The
resulting off-gas was monitored for the production of 14CO2, 14CH4,
and other radiolabeled volatile compounds. The mineralization
apparatus employed an alkali solution (1.5 N KOH) to trap 14CO2
and a combustion furnace to oxidize 14CH4 and the radiolabeled
volatile compounds to 14CO2 prior to being trapped in an alkali
solution. The mineralization traps were sampled on days 7, 14, 28,
42, 56, 70, 84, 98, 112, and 120. The 14C in the alkali traps was
analyzed for radioactivity by LSC.
A secondary set of chambers was used to evaluate the bio-
transformation of 14C-TBBPA. In this experiment, both live (biotic)
and sterile (abiotic) anaerobic sludge test chambers were con-
tinuously purged with nitrogen gas and the off-gas was connected
to a gas trap (i.e., water) to prevent air from entering the cham-
bers. The transformation test chambers were sampled on days 0, 7,
14, 28, 42, 56, and 120. On each sampling day the content of the
test vessels were transferred to 200 mL centrifuge bottles and
centrifuged at 3000 rpm for 10 min. The water layers were dec-
anted and analyzed for total radioactivity by LSC. The original test
vessels were rinsed with 75 mL of acetonitrile (ACN) and the rin-
ses added to the solids in the centrifuge bottles. The samples were
sonicated for 5 minutes using a Branson Digital Soniﬁer and then
centrifuged at 3000 rpm for 5 min. The ACN extracts were dec-
anted into 1 L round bottom ﬂasks and another 75 mL of ACN was
added to the remaining solids. The extraction procedure was re-
peated two more times and the extracts analyzed for total radio-
activity by LSC. A portion of the ACN extracts were further char-
acterized using an Agilent 1100 Series High Performance Liquid
Chromatograph (HPLC) equipped with a Variable Wavelength
Detector (VWD) and IN/US β-RAM radioactivity detection (RAD).
In addition, the water layer samples collected on day 120 were
analyzed using Thin Layer Chromatography (TLC) with RAD.
2.2. Aerobic transformation in soil (Wildlife International, 2005)
This 6 month study was conducted to assess the mineralization
and biotransformation of uniform ring-labeled 14C-TBBPA in
aerobic soil systems (Wildlife International, 2005). The test system
consisted of 500 mL glass media bottles with rubber stoppers.
Each test chamber was ﬁlled with 100 g dry weight of soil. The test
chambers were dosed at a concentration of 50 mg 14C-TBBPA (kg
dry-soil)1 with ethanol as the carrier solvent. The 14C-TBBPA had
a speciﬁc activity of 56 mCi mmol1, radiochemical purity of
99.6%, and formula weight of 545.7 mg mmol1. The radiolabeled
test substance was received from Amersham Biosciences, UK. The
14C-TBBPA dosing solution (0.097 mg mL1) was veriﬁed using LSC.
The off-gas from the test chambers passed through a charcoal
sorbent trap for collecting volatile compounds and an alkali so-
lution (1.5 N KOH) trap for trapping 14CO2.
Four soil types (loamy sand, sandy clay loam, silt loam, and silty
clay loam) were utilized in this investigation. The organic carbon
content of the soils was 1.2% for the loamy sand, 2.1% for the sandy
clay loam, 2.2% for the silty clay loam, and 5.5% for the silt loam.
The pH of the soils was 7.0 for the loamy sand, 6.8 for the sandy
clay loam, 5.7 for the silty clay loam, and 7.5 for the silt loam.
Microbial biomass was measured using the fumigation-extraction
method and it was 110 mg g1 for the loamy sand, 254 mg g1 for
the sandy clay loam, 131 mg g1 for the silty clay loam, and
696 mg g1 for the silt loam.
The test systems were initially acclimated under aerobic
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approximately 7 days before test initiation. The temperature in the
aerobic test chambers was 2174 °C during the test period. The
moisture content of the soil in the test chambers was adjusted to
1/3 bar one day prior to test initiation and every 2 weeks during
the test. Moisture adjustments were made by weighing the test
chambers and adding deionized water.
In the mineralization study, the charcoal and alkali traps were
sampled at months 1, 2, 3, 4, 5, and 6. The charcoal traps were
extracted with 15 mL of acidic methanol (methanol with 0.1%
formic acid) and analyzed for total radioactivity by LSC. For the
alkali traps, 1 mL aliquots were analyzed for radioactivity by LSC.
In the biotransformation study, the test chambers were sam-
pled immediately after dosing and at months 1, 2, 4, 5, and 6. The
soils were extracted by adding 250 mL of acidiﬁed methanol
(MeOH) and the solvent extract analyzed for total radioactivity by
LSC. The acidic MeOH extracts were further characterized using
HPLC-RAD. In cases where the acidic MeOH extracts had in-
sufﬁcient radioactivity to be analyzed by HPLC-RAD, the extracts
were spotted on a reverse-phase TLC plate and analyzed for
radioactivity using a BioScan 601Z plate. Subsamples of the ex-
tracted soils (0.7–0.9 g) were also combusted using a Packard
Model 307 Sample Oxidizer and the resulting radioactivity ana-
lyzed by LSC. This combustion amount represents the non-ex-
tractable bound residue fraction.
2.3. Biodegradability in soils under aerobic and anaerobic conditions
(Springborn Life Sciences, 1989a, 19889b)
A 64 day soil biotransformation study was conducted under
aerobic (Springborn Life Sciences, 1989a) and anaerobic (Spring-
born Life Sciences, 1989b) conditions. The soils used in these
studies were a sandy loam, clay loam, and silty loam. The pH was
7.0 for the sandy loam soil, 7.6 for the clay loam soil, and 6.2 for the
silty loam soil. The organic carbon content was 4.4% for the sandy
loam soil, 1.8% for the clay loam soil, and 0.8% for the silty loam
soil. The uniform ring-labeled 14C-TBBPA used in both experiments
had a speciﬁc activity of 12.9 mCi mmol1 and a chemical purity of
99.1%. The radiolabeled test substance was received from Chemsyn
Science Laboratories, Lenexa, Kansas. A stock solution of 14C-TBBPA
was prepared in acetone (1.045 mCi 100 mL1), and fortiﬁed with
unlabeled TBBPA at a concentration of 0.5 mg 100 mL1 prior to
use.
Test chambers for the aerobic soil experiment consisted of a
250 mL Erlenmeyer ﬂask that had a 50 mL round bottom glass
tube fused to the sidewall (biometer ﬂask). The glass tube con-
tained an alkali trap solution (1.0 N KOH) for 14CO2 recovery and a
foam plug to trap volatile compounds. Replicate biometer ﬂasks
were prepared by placing 50 g dry-weight soil into each ﬂask. The
soil was dosed on the surface at 10 mg TBBPA (kg dry-soil)1 with
acetone as the carrier solvent and mixed with a glass Pasteur
pipette. The biometer ﬂasks were then sealed, covered with alu-
minum foil to maintain darkness, and kept at a temperature of
21.571.0 °C. The alkali solution was removed on days 0, 1, 2, 4, 8,
16, 32, and 64 from the side tube using a 10 mL syringe and
analyzed by LSC. At test termination the foam plugs were removed
and extracted with 150 mL hexane:methanol (1:4, v/v) using
overnight Soxhlet extraction. The extracts were then analyzed by
LSC.
The test chambers for the anaerobic soil experiment consisted
of a 250 mL Erlenmeyer ﬂask ﬁtted with a Dreschel gas washing
insert. The Dreschel insert provided inlet and outlet ports for
purging with nitrogen gas. The outlet port was connected to a CH4
trap that contained a scintillation cocktail solution (Picoﬂuor TM-
15) and a CO2 trap with an alkali solution (1.0 N KOH). Replicate
ﬂasks were prepared by placing 50 g dry-weight soil into eachﬂask. The soil was dosed on the surface at 10 mg 14C-TBBPA (kg
dry-soil)1 with acetone as the carrier solvent. After mixing with a
glass Pasteur pipette, tap water was added to a depth of 23 cm
over the soil. The ﬂasks were then sealed, covered with aluminum
foil to maintain darkness, and kept at a temperature of
21.471.1 °C. Each ﬂask was purged with nitrogen gas on a daily
basis for ﬁve minutes to maintain anaerobic conditions. The traps
were replaced prior to ﬂushing the ﬂasks with nitrogen gas on
days 1, 2, 4, 8, 11, 16, 32, and 64, and the radioactivity was quan-
tiﬁed by LSC. At test termination, the water was poured off the soil
and subsamples were analyzed by LSC. For each soil type, the
water fractions were extracted three times with 25 mL di-
chloromethane (DCM). Aliquots of the post extracted water frac-
tion and DCM were analyzed for radioactivity by LSC.
In both the aerobic and anaerobic experiments, aliquots of soil
remaining at test termination in the ﬂasks were Soxhlet extracted
(150 mL acetone for 16 h). This extraction represents a non-ex-
tractable residue fraction. The acetone recovered from the Soxhlet
extraction was analyzed for radioactivity by LSC and TLC-RAD. The
TLC plates were spotted with TBBPA and potential degradation
products for quantiﬁcation of biotransformation during the 64 day
study. Separate aliquots of soil were combusted using a Packard
Model 306 Tri-carb Oxidizer and used for assessing mass balance
recoveries. The 14CO2 formed during combustion was trapped in a
mixture of Carbosorb and Perma-Fluor V scintillation cocktails and
counted by LSC. This combustible fraction represents a bound
residue.
2.4. Anaerobic transformation in sediments (Wildlife International,
2006b)
A 102 day study was conducted to assess the biotransformation
of uniform ring-labeled 14C-TBBPA in anaerobic sediments (Wild-
life International, 2006b). The sediments and surface waters were
collected from two freshwater sources, Turkey Creek and Chop-
tank River. The Turkey Creek sediment had a pH that ranged from
6.4 to 6.8 and was comprised of 43% sand, 30% silt, and 27% clay.
The Choptank River sediment had a pH that ranged from 6.0 to
6.9 and was comprised of 96% sand, 3% silt, and 1% clay. The se-
diments were wet-sieved under nitrogen gas through a 2- mm
sieve to remove large stones and debris.
A parallel set of dose systems was established to evaluate mi-
neralization and biotransformation. Each test chamber (500 mL
glass bottles) was ﬁlled with a sediment layer to a depth of 2.5 cm
and an overlying water layer of 9 cm. The test chambers were then
dosed at a concentration of 50 mg of 14C-TBBPA (kg dry-
sediment)1 with ethanol as the carrier solvent. The 14C-TBBPA
had a speciﬁc activity of 56 mCi mmol1, radiochemical purity of
99.6%, and formula weight of 545.7 mg mmol1. The radiolabeled
test substance was received from Amersham Biosciences, UK. The
radiolabel of the dosing solution was veriﬁed using a LSC, and the
concentrations for each solution was 0.0403 mg mL1 for Turkey
Creek and 0.106 mg mL1 for Choptank River.
The headspace in the mineralization test systems was con-
tinuously purged with nitrogen gas to maintain anaerobic condi-
tions and the off-gas monitored for the production of 14CO2, 14CH4,
and other radiolabeled volatile compounds. For the bio-
transformation experiment, the headspace was purged with a gas
mixture (80% N2, 10% CO2, and 10% CH4) to maintain anaerobic
conditions. The temperature was maintained at 20.073.0 °C for
both experiments.
In the mineralization experiment, the off-gas ﬁrst passed
through an alkali solution (1.5 N KOH) to capture the evolved
14CO2. The gas that passed through the alkali traps was then mixed
with oxygen prior to passing through a quartz column packed with
cupric oxide. The quartz column was inserted in a tube furnace
Table 1
Distribution of radioactivity in ACN extracts from anaerobic digester sludge
(Wildlife International, 2006a).
Sample interval (Days) Mean percent of dosed radioactivity
% of Dose BPA Unk. 1 Unk. 2 Unk. 3 TBBPA
0 98.8 – – – 3.5 95.3
7 91.0 – – 5.2 6.9 78.9
14 95.5 – 7.4 30.9 16.5 40.7
28 95.5 4.3 16.1 35.7 8.5 30.9
42 89.0 9.2 24.8 33.9 5.0 16.0
56 89.6 12.9 26.9 35.4 1.9 12.5
120 78.2 48.4 17.2 7.8 1.0 2.3
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oxidized to 14CO2 in this process and then passed through another
set of alkali traps to capture the evolved 14CO2. The mineralization
samples were analyzed for radioactivity by LSC on days 0, 14, 28,
42, 56, 77, 98, and 102.
In the biotransformation experiment, the water layer was ex-
tracted with DCM and analyzed for total radioactivity by LSC. The
DCM extracts were further characterized using HPLC-RAD. The
sediments were extracted with ACN, centrifuged at 2500 rpm for
5 min, and the supernatant analyzed for radioactivity by LSC. The
ACN extracts were further characterized using HPLC-RAD. When
there was an insufﬁcient concentration of 14C for HPLC-RAD ana-
lysis, the ACN extracts were spotted on a silica gel TLC plate and
developed using toluene as the mobile phase solvent. The dis-
tribution of radioactivity on the TLC plates was analyzed using a
BioScan 601Z plate scanner.
2.5. Biodegradability in aerobic sediments (Springborn life Sciences,
1989c)
A 56 day study was performed to assess the biotransformation
of TBBPA in freshwater sediments under aerobic conditions
(Springborn Life Sciences, 1989c). The sediment and surface water
were obtained from Strows Folly Brook located near Wareham,
MA.
Each test chamber employed a 250 mL Erlenmeyer ﬂask. Sedi-
ment (20 g dry weight) was ﬁrst added to each ﬂask, followed by
the addition of river water (135 mL). Sterile control ﬂasks were
established with the addition of HgCl2. The ﬂasks were then dosed
with a uniform ring-labeled 14C-TBBPA solution at concentrations
of 10, 100, or 1000 mg L1. The radiolabeled TBBPA had a speciﬁc
activity of 9.32 mCi mmol1 and radioactive purity of 96.0%. The
radiolabeled test substance was received from Midwest Research
Institute, Kansas City, Missouri. The dosing solution was veriﬁed
using TLC-RAD analysis.
Each test chamber was ﬁtted with a silicone stopper and syr-
inge needle positioned just below the water surface to allow for
incoming gas to bubble through the aqueous phase. Oxygen was
bubbled through each ﬂask for 5 min each day to maintain aerobic
conditions. On days 0, 14, 28, and 56 dissolved oxygen, pH, and
temperature were measured in each test vessel. An Amberlite
XAD-4 resin (0.710 cm2) was used to collect the evolved radi-
olabeled volatile organic compounds and an alkali trap (1 N KOH)
was used to collect 14CO2. All of the ﬂasks were maintained in the
dark and held at 2572 °C. The pH of the aqueous phase in each
test chamber was 5.770.4 and the dissolved oxygen was 43.8 mg
L1 during the study duration. At test termination, bacterial plate
counts were performed using the standard dilution method to
determine the colony forming units per milliliter of aqueous
phase.
Sampling was conducted on days 0, 4, 7, 10, 14, 21, 28, 42, and
56. The aqueous phase in the ﬂasks and the alkali traps were
analyzed for total radioactivity by LSC. The volatile traps were
eluted with 5 mL ACN and assayed by LSC. Aliquots of the sedi-
ment were Soxhlet extracted with acetone for 16 h, which re-
presents a non-extractable residue fraction. The acetone extracts
were analyzed for total radioactivity by LSC. Analysis by HPLC-RAD
was performed to determine the percent of TBBPA in the extracts.
Standards of 14C-TBBPA were used to calibrate the retention time
of TBBPA. Following Soxhlet extraction the sediments were com-
busted using a Packard Model 306 Tricarb Oxidizer to determine
the bound residue fraction. The 14CO2 formed during combustion
was trapped in a mixture of Carbosorb and Perma-Fluor V scin-
tillation cocktails and analyzed for radioactivity by LSC.2.6. Determination of 50% disappearance time (DT50)
The disappearance of the 14C-TBBPA was evaluated by ﬁtting a
ﬁrst-order decay function (Y¼A exp[kt], where A is the initial
concentration, Y is the concentration at time t, and k is the ﬁrst-
order rate constant) through the data using least-squares regres-
sion analysis to determine the ﬁrst-order loss rate constant. The
DT50 of TBBPA was calculated using the equation DT50¼(ln2)/k.3. Results
3.1. Mineralization and transformation in anaerobic digester sludge
(Wildlife International, 2006a)
Little mineralization of TBBPA was observed in the anaerobic
digester sludge experiment over the 120 day study period with
only 1.1% and 0.9% of 14CO2 evolved in the biotic and abiotic sys-
tems, respectively. Most of the 14C-TBBPA was immediately ad-
sorbed onto the sludge solids. The water layers contained o10% of
the total 14C at all sampling intervals. There were no discernible
differences in the amount of 14C found in the water layers from the
biotic and abiotic test systems. The ACN extracts from the sludge
solids contained 489% of the administered 14C dose during the
ﬁrst 56 days of the study and 478% during the last 56 days of the
study (Table 1). There were no discernible differences in the
amount of 14C extracted from the biotic and abiotic sludge solids.
The combusted sludge solids after extraction contained o8% of
the total 14C at all sampling intervals. This result suggests that only
a small portion of the TBBPA or its biotransformation products
became bound to the sludge solids.
The amount of 14C-TBBPA in the biotic ACN extracts decreased
from 95% on day 0 to 13% by day 56 and 2% by day 120. The ACN
extracts from the biotic systems contained three unknown bio-
transformation products and BPA (Table 1). The three unknowns
showed both formation and disappearance with an ultimate for-
mation of BPA over the study period. The DT50 for TBBPA was 19
days (Fig. 1).
3.2. Aerobic transformation in soil (Wildlife International, 2005)
During the 6 month aerobic soil study, the amount of 14CO2 in
the off-gas traps ranged from 17.5% to 21.6% of the dose for all four
soils evaluated. The CO2 alkali traps accounted for 498% of the
radioactivity in the off-gas, with the remaining 14C found in the
volatile organic traps. The loamy sand soil showed the least
amount of mineralization (17.5% 14CO2 evolution) at the end of the
test. This soil also had the lowest amount of microbial biomass
content.
The soil in the test chambers were extracted with acidic MeOH
and analyzed for radioactivity by LSC. At the start of the
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Fig. 1. Disappearance of TBBPA from ACN extracts of anaerobic digester sludge
(Wildlife International, 2006a).
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Fig. 2. Disappearance of TBBPA in acidic MeOH extracts from aerobic loamy sand
soil (Wildlife International, 2005).
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30 days, o19% of the dose was extracted. The amount of extracted
radioactivity continued to decline with time until o9% was ex-
tract after 6 months. The loamy sand soil consistently yielded the
greatest amount of extracted 14C, which had the lowest amount of
organic carbon content (1.2%) of the soils evaluated. The amount of
radioactivity remaining in the soil after extraction (non-ex-
tractable bound residue) increased markedly by month 1 (55.3–
83.6%) when compared to study initiation (1.8–6.2%) and remained
generally stable thereafter. The amount of TBBPA associated with
the soils was also proportional to the organic carbon content of the
four soil types, i.e., higher carbon content had greater non-ex-
tractable bound residue.
Most of the radioactivity in the soil extracts at day 0 was TBBPA
as determined by HPLC-RAD. The TBBPA in soil extracts decreased
from 90% of the dose on day 0 to o3% at month 6. The soil ex-
tracts collected at month 1 and later did not contain a sufﬁcient
amount of 14C to provide HPLC-RAD analysis, thus these samples
were analyzed by TLC-RAD. There were two discernible peaks
observed in the region between the origin and TBBPA, which were
equivalent to 3–7% of the dosed TBBPA. The low concentrations in
the extracts precluded positive identiﬁcation.
The disappearance of TBBPA was assessed using the amount of
TBBPA found in the acidic MeOH soil extracts. The amount of 14C-
activity remaining in the soil after extraction was considered as
non-extractable bound residue and was included in the chemical
loss. The disappearance of 14C-TBBPA from the soil extracts had a
DT50 of 5.3–7.7 days. An example of the disappearance of ex-
tractable TBBPA from the loamy sand soil is provided in Fig. 2.
3.3. Biodegradability in soils under aerobic and anaerobic conditions
(Springborn life Sciences, 1989a, 1989b)
In the aerobic soil biotransformation experiment, the majority
of the applied radioactivity at test termination (64 days) was re-
covered in the soil matrix. The maximum amount of CO2 in the
alkali traps was 5.5% in the clay loam soil, with CO2 trap recoveries
of 4.4% and 2.4% for the silty loam and sandy loam soils, respec-
tively. There was no radioactivity detected in the volatile organic
traps. The average non-extractable residues recovered from the
Soxhlet extraction at test termination was 69.3% for the sandy
loam soil, 47.1% for the silty loam soil, and 14.4% for the clay loam
soil. The remaining radioactivity was assumed to be bound re-
sidue. The amount of TBBPA in the Soxhlet extractions as char-
acterized by TLC-RAD ranged from 74.3–81.9% for the sandy loamsoil, 35.9–40.1% for the silty loam soil, and 41.1–43.2% for the clay
loam soil. Two unidentiﬁed biotransformation products were de-
tected in all of the soil extracts, and a third unknown bio-
transformation product was detected in one replicate of the silty
loam soil.
In the anaerobic soil biotransformation experiment, most of the
radioactivity was recovered from the soil with a minimal amount
recovered from the CH4 and CO2 traps (o0.4%) and the ﬂask water
(o3%). The average non-extractable residues recovered from the
Soxhlet extraction at test termination was 87.5% for the sandy
loam soil, 48.3% for the silty loam soil, and 104.7% for the clay loam
soil. The remaining radioactivity was assumed to be bound re-
sidue. The amount of TBBPA in the Soxhlet extractions character-
ized by TLC-RAD ranged from 43.7–57.0% for the sandy loam soil,
53.4–65.0% for the silty loam soil, and 89.5–90.6% for the clay loam
soil. Three unidentiﬁed biotransformation products were detected
in the sandy loam soil extracts, and two unidentiﬁed bio-
transformation products were detected in the silty loam and clay
loam soils.
3.4. Anaerobic transformation in sediments (Wildlife International,
2006b)
Little mineralization occurred in the anaerobic sediment test
over 102 days with a mean mineralization of 4.0% and 0.8% for
Turkey Creek and Choptank River sediments, respectively (Ta-
ble 2). At test initiation, 490% of the 14C was found in the water
layer (DCM extract) and o5% in the sediment (ACN extract) for
both the Turkey Creek and Choptank River sediments (Table 3a,b).
By day 14 the Turkey Creek sediment had 41% of the 14C in the
water layer, 39% extracted from the sediment layer, and o3% re-
mained in the sediment solids as bound residue. For the Choptank
River sediment at day 14, o30% of the 14C was found in the water
layer, 34% was extracted from the sediment layer, and 11% re-
mained in the sediment solids after extraction as bound residue.
The amount of bound 14C in the sediments increased over time for
Turkey Creek, whereas the results for Choptank River were
variable.
The water layer extracts were further characterized using
HPLC-RAD (Table 3). For the Turkey Creek sediments, the amount
of 14C-TBBPA in the water layers decreased from 84% on day 0 to
37% by day 14, and 1% by day 102. For the Choptank River sedi-
ments, the amount of 14C-TBBPA in the water layer extracts de-
creased from 91% on day 0 to 20% by day 14, and o1% by day 102.
Three unknown metabolites and BPA were formed in both
Table 2
Radioactive material balance for the Turkey Creek and Choptank River anaerobic
sediments (Wildlife International, 2006b).
Sample In-
terval (Days)
DCM ex-
tract (%)
ACN ex-
tract (%)
Solids com-
bustion (%)
Total
gases
(%)
Mass bal-
ance (%)
Turkey Creek
0 90.0 3.50 0.9 – 96.1
14 40.8 38.80 2.8 0.30 88.1
28 27.8 55.40 6.0 0.40 94.2
42 23.2 53.80 6.2 0.40 89.1
56 22.0 58.30 5.2 0.50 89.4
102 22.3 62.00 6.9 4.00 97.2
Choptank River
0 99.6 3.20 0.4 – 104.1
14 27.3 34.00 11.0 0.10 80.8
28 24.4 40.00 6.7 0.10 85.6
42 16.7 51.60 5.2 0.10 78.4
56 12.7 40.30 11.9 0.10 76.3
102 23.6 49.50 9.8 0.80 88.7
Table 3
Distribution of radioactivity in DCM extracts from water layers of the Turkey Creek
and Choptank River anaerobic sediments (Wildlife International, 2006b).
Sample Interval
(Days)
% of
Dose
BPA (%) Unk. 1
(%)
Unk. 2
(%)
Unk. 3
(%)
TBBPA (%)
Turkey Creek
0 90.0 4.0 – – 2.6 83.5
14 40.8 0.6 – – 1.7 37.4
28 27.8 1.1 – 1.5 2.4 20.6
42 23.2 1.1 2.0 2.4 2.9 13.2
56 22.0 3.4 4.2 3.6 2.4 5.7
102 22.3 8.8 3.4 2.0 0.9 1.1
Choptank River
0 99.6 1.6 – 0.3 2.6 83.5
14 27.3 5.1 0.2 0.5 1.7 37.4
28 24.4 0.9 0.3 1.1 2.4 20.6
42 16.7 1.7 – 1.2 2.9 13.2
56 12.7 2.1 1.2 1.7 2.4 5.7
102 23.6 9.7 3.5 2.1 0.9 1.1
Table 4
Distribution of radioactivity in ACN extracts from sediment layers of the Turkey
Creek and Choptank River anaerobic sediments (Wildlife International, 2006b).
Sample Inter-
val (Days)
% of
Dose
BPA (%) Unk. 1
(%)
Unk. 2
(%)
Unk. 3
(%)
TBBPA (%)
Turkey Creek
0 3.5 – – – – –
14 38.8 2.3 4.8 5.7 1.9 22.7
28 55.4 6.7 10.0 10.0 3.0 22.1
42 53.8 11.8 11.0 6.5 0.7 16.6
56 58.3 21.3 13.8 5.6 0.6 8.9
102 62.0 34.2 8.4 10.8 2.5 6.0
Choptank River
0 3.2 – – – – –
14 34.0 – – 0.6 2.0 28.7
28 40.0 – 1.6 3.8 4.5 26.4
42 51.6 2.5 3.7 9.6 6.7 25.2
56 40.3 6.1 5.5 10.6 4.7 11.8
102 49.5 21.5 5.6 6.7 1.9 3.9
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Fig. 3. Disappearance of TBBPA (water DCM and sediment ACN extracts) in the
Choptank River anaerobic sediment (Wildlife International, 2006b).
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The sediment extracts were further characterized using HPLC-
RAD to determine the relative distribution of radioactivity within
each sample (Table 4). For the Turkey Creek sediments, the
amount of 14C-TBBPA decreased from 23% on day 14 to 6% by day
102, and the amount of BPA increased from 2% on day 14 to 34% on
day 102. For the Choptank River sediments, the amount of 14C-
TBBPA decreased from 29% on day 14 to 4% by day 102, whereas
BPA increased from near 0% on day 14 to 21% on day 102. Three
unknown metabolites were formed in both sediments over the
study period, though at low levels.
The disappearance of TBBPA in the test systems was de-
termined for both the water layer extracts and sediment extracts.
The DT50 values for the Turkey Creek and Choptank River water
layers were 16 and 14 days, respectively. The DT50 values for the
Turkey Creek and Choptank River sediment layers were 42 and 28
days, respectively. The DT50 values for TBBPA in the whole test
systems for Turkey Creek and Choptank River were 28 and 24 days
(Fig. 3), respectively.3.5. Biodegradability in aerobic sediments (Springborn Life Sciences,
1989c)
The measured dissolved oxygen in the aerobic sediment study
was 46.4 mg L1 after test initiation. Analysis of the 14CO2 alkali
traps revealed only a small fraction (o8%) of the TBBPA had mi-
neralized. Essentially no 14C was detected in the volatile organic
traps and o5% of the total 14C was measured in the water phase.
The majority of the 14C applied remained associated with the se-
diment solids. The amounts of TBBPA observed in the sediment at
test termination were 44.7%, 64.2%, and 60.8% in the 10, 100, and
1000 mg/L treatments, respectively.
The DT50 values for TBBPA in the aerobic sediment experiment
were 48 days for the 10 mg L1 ﬂasks, 69 days for the 100 mg L1
ﬂasks, and 84 days for the 1000 mg L1 ﬂasks. Microbiological plate
counts performed on the aqueous phases at test termination in-
dicated that all ﬂasks had viable microbial populations, and that
the observed degradation of TBBPA was related to the microbial
population (higher microbial populations had faster rates of bio-
transformation). Some inhibition of the microbial community was
observed in the ﬂasks with TBBPA exposure concentrations of 100
and 1000 mg L1 as compared to 10 mg L1. This inhibition could
have been responsible for the longer DT50 times observed for these
higher concentrations. An estimated DT50 value for the sterile
control ﬂasks was 1300 days, clearly demonstrating that the
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crobial degradation rather than physical processes.4. Discussion
The fate studies described here demonstrate low mineraliza-
tion and high biotransformation potential for TBBPA in anaerobic
digester sludge, soils, and freshwater sediments. These results are
consistent with TBBPA fate studies by other researchers.
4.1. Mineralization and transformation in anaerobic digester sludge
Anaerobic digestion is commonly used in municipal waste-
water treatment to stabilize sludge prior to beneﬁcial use on
agricultural lands. The digestion process reduces the amount of
solids present in the sludge, destroys pathogenic bacteria and
viruses, and removes the biodegradable portion of the sludge.
Knowledge of the biodegradation potential of TBBPA during
anaerobic digestion is important in predicting its environmental
fate.
Rapid sorption of TBBPA to digester sludge solids and sig-
niﬁcant biotransformation of TBBPA (DT50¼19 days) was observed
in this study (Table 2). These results indicate a slower degradation
rate when compared to another study by Gerecke et al. (2006)
where they reported rapid biotransformation of TBBPA
(DT50¼0.59 days) in anaerobic digester sludge. Concentrations of
TBBPA in sterile control samples decreased at a rate more than 50
times slower than the live samples, suggesting that the loss of
TBBPA in anaerobic sludge is microbially mediated.
4.2. Aerobic and anaerobic transformation in soil
The amendment of anaerobic digester sludge to agricultural
soil for beneﬁcial use is a common practice in the United States.
Following biosolids amendment to soil, TBBPA can undergo var-
ious processes such as incorporation into organic matter (aging),
adsorption onto solid surfaces, aerobic biotransformation, and
anaerobic biotransformation. Thus, knowledge of these fate pro-
cesses in agricultural soils is important in predicting the exposure
of TBBPA in terrestrial environments.
The incorporation of TBBPA into soil also inﬂuences its fate and
transport in the environment. The two soil fate studies reported
here demonstrated extensive sorption to soil. In the Wildlife In-
ternational study (2005), the amount of radioactivity remaining in
aerobic soil after extraction (non-extractable bound residue) in-
creased markedly by month 1 (55.3–83.6%) when compared to
study initiation (1.8–6.2%) and remained generally stable there-
after. The amount of TBBPA associated with the soil was also re-
lated to the organic carbon content of the four soil types evaluated
(i.e., higher carbon content had greater bound residue). In the
Springborn Life Sciences study (1989a), the average radioactivity
recovered from the Soxhlet extraction in aerobic soil, which re-
presents the non-extractable residue fraction, was 69.3% for the
sandy loam soil, 47.1% for the silty loam soil, and 14.4% for the clay
loam soil. The non-extractable residue results corresponded to the
organic carbon content of 4.4% for the sandy loam soil, 1.8% for the
clay loam soil, and 0.8% for the silty loam soil. These results are
also supported by an investigation on the sorption behavior of
TBBPA in two soils with different characteristics (Sun et al., 2008).
They determined that soil organic matter played a signiﬁcant role
in the sorption of TBBPA.
In the Wildlife International (2005) aerobic soil study, TBBPA
decreased from 90% on day 0 to o3% at month 6 in the soil ex-
tracts with a DT50 of 5.3–7.7 days. These disappearance times for
TBBPA are much shorter than those reported by Nyholm et al.(2010) for aerobic soils where the DT50 was 65 days when
amended with activated sludge and 93 days when amended with
digested sludge. Over the 6 month study, TBBPA had mineralized
by 17.5% to 21% and 4% to 7% had biotransformed to unresolved
intermediates. In the Springborn Life Sciences (1989a) aerobic soil
study, the mineralization of TBBPA was 5.5% in the clay loam soil,
4.4% in the silty loam soil, and 2.4% in the sandy loam soil. Two
biotransformation products were detected in the soil extracts.
However, the Springborn Life Sciences (1989b) anaerobic soil
study had o0.4% CO2 in the alkali traps. Three biotransformation
products were detected in the sandy loam soil extracts, and two
products were detected in the silty loam and clay loam soils.
Liu et al. (2013) studied the fate of 14C-TBBPA in soil under
sequential anaerobic (125 days) and aerobic (70 days) conditions.
During anaerobic incubation, TBBPA dissipated with a DT50 of 36
days, yielding four debromination metabolites: bisphenol A (BPA)
and mono-, di-, and tri-brominated BPA. At the end of anaerobic
incubation, all four brominated BPAs disappeared, leaving BPA
(54% of initial TBBPA) as the sole detectable organic metabolite.
TBBPA dissipation was accompanied by trace mineralization
(o1.3%) and substantial bound-residue formation (35%). Sub-
sequent aerobic incubation was effective in removing the accu-
mulated BPA (DT50¼11 days) through mineralization (6%) and
bound residue formation (62%). However, 42% of the anaerobic
formed bound residue was released as TBBPA and brominated
BPAs, which were then persistent during aerobic incubation. These
results provide evidence for the release of bound residues during
alternation of the redox environment, though their operationally
deﬁned bound residues (difference between total and extractable)
could have been comprised mostly of sequestered non-extractable
residues.
Sun et al. (2014) determined a DT50 of 20.8 days for TBBPA in a
submerged soil with an aerobic–anaerobic interface. This loss of
TBBPA was due to mineralization (11.5%) and the formation of
bound residues (60.8%). Ten metabolites were formed in unplanted
soil via four different pathways: oxidative skeletal cleavage,
O-methylation, type II ipso-substitution, and reductive debromi-
nation. The presence of plants reduced the amount of miner-
alization and formation of bound residues, but stimulated debro-
mination and O-methylation. Li et al. (2014) had previously pro-
posed these same four metabolic pathways for TBBPA.
4.3. Aerobic and anaerobic biodegradation in sediments
TBBPA may enter the aquatic environment by discharge from
wastewater treatment plants or via agricultural runoff where
biosolids have been amended for beneﬁcial use. Thus, knowledge
of the fate of TBBPA in aquatic-sediment systems is important in
predicting its environmental exposure.
The DT50 values for TBBPA in the Turkey Creek and Choptank
River anaerobic freshwater sediments were 28 and 24 days, re-
spectively. Chang et al. (2012a) reported a DT50 of 16.6 days for
TBBPA in anaerobic river sediment and two biotransformation
products. Ronen and Abeliovich (2000) reported a DT50 of 5 days
for TBBPA in anaerobic sediment. They also observed the reductive
degradation of TBBPA to BPA. Arbeli and Ronen (2003) reported
mono-, di-, and tri-brominated BPA as intermediate bio-
transformation products in an anaerobic laboratory experiment,
and Ravit et al. (2005) demonstrated that the reductive dehalo-
genation of TBBPA resulted in two transient intermediates (tri-
bromobisphenol A and dibromobisphenol A) and the formation of
bisphenol A in anaerobic estuarine sediments. The three unknown
products observed in this study could not be deﬁnitively identi-
ﬁed, but they had retention times similar to the same debromi-
nation products seen by others. Similar results were found with
biotransformation of TBBPA to BPA in anaerobic sediments
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140 days in another sediment study (Chang et al., 2011).
For the Springborn Life Sciences (1989c) aerobic sediment
study, the DT50 values for TBBPA were 48 days for the 10 mg L1
ﬂasks, 69 days for the 100 mg L1 ﬂasks, and 84 days for the
1000 mg L1 ﬂasks. Analysis of the 14CO2 traps revealed only a
small fraction (o8%) of the TBBPA had mineralized. The amounts
of TBBPA observed in the aerobic sediment at test termination
were 44.7%, 64.2%, and 60.8% in the 10, 100, 1000 mg L1 treat-
ments, respectively. This is in contrast with an investigation by
Chang et al. (2012b) where the DT50 for TBBPA ranged from 9.0 to
13.1 days in aerobic river sediments.5. Conclusions
The fate studies described here demonstrated low mineraliza-
tion potential for TBBPA in anaerobic digester sludge, soils, and
freshwater sediments. In anaerobic digester sludge, TBBPA bio-
transformed rapidly with a DT50 value of 19 days; though little
mineralization (1.1%) was observed. In aerobic soils, mineralization
of TBBPA was observed to be between 17.5% and 21.6% with 55.3–
83.6% being incorporated into the soil as a non-extractable bound
residue. The DT50 (loss from mineralization and non-extractable
bound residue) of TBBPA was 5.3–7.7 days. The soil fate studies
demonstrated extensive incorporation into the solid matrix with
the amount of TBBPA being proportional to the soil organic carbon
content (greater association with soil at higher organic carbon
content). In anaerobic freshwater sediments, DT50 for TBBPA ran-
ged from 28 to 42 days. In aerobic freshwater sediments, DT50 for
TBBPA was determined to be 48 days. Most of the TBBPA in the
sediment was non-extractable bound residue with little miner-
alization observed, though three unknown biotransformation
products were observed in the extractable fraction (most likely
tribromobisphenol A, dibromobisphenol A, monobromobisphenol
A, though not veriﬁed) and BPA. Results of these studies are con-
sistent with previously published studies in demonstrating bio-
transformation of TBBPA under anaerobic conditions and slow
mineralization of TBBPA in both aerobic and anaerobic
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